Introduction
Reaction with singlet oxygen to yield 1,4-endoperoxides is a common occurrence among an thracenes as well as polym ethylnaphthalenes [1, 2 a], but it has not been reported in the benzene series except for sterically overcrowded hexam ethylben zene [2 b ] and electron rich derivatives such as phenols and phenylethers [3] , Photooxidation of al kyl aromatics at the benzylic position occurs by dif ferent mechanisms. These include radical processes initiated by hydrogen abstraction by triplet sensitiz ers (Type I photosensitized oxidation, eq. (1) [4, 5] ) Sens3* + A rC H 3 -> Sens-H' + A rC H 2 -> Products (1) as well as by direct irradiation of the change transfer complex between aromatic molecules and oxygen [5 -8 ] .
Recently, evidence has been put forward in favour of electron transfer photosensitized oxygenation of alkylaromatics. In particular, it has been reported that under sensitization by 9,10-dicyanoanthracene mono and dim ethylnaphthalenes yield endo-p er oxides in apolar solvents (via singlet oxygen), and aldehydes and carboxylic acids in acetonitrile (via superoxide anion eq. (2)) [9, 10] . However, no indi cation about the efficiency and the detailed m echan ism of the two processes has been given. In a previ ous work photooxygenation of polym ethylbenzenes with the same sensitizer in acetonitrile has been ex plained in terms of electron transfer, but the inter vention of superoxide anion has been excluded [11] . Sens* + A rC H 3 -> Sens" + A rC H 3: -> Sens" + 02 S en s + 0 2T
The aim of the present work is to investigate the scope of the electron transfer photosensitized oxygenation of methylaromatics and to obtain a detailed mechanistic picture of this reaction on the basis of quantitative data.
Results and Discussion
In order to obtain results of general significance, three anthracene sensitizers were considered, viz. 9-cyano-(M CA ), 9,10-dicyano-(DCA) and 3 ,7 ,9 ,10-tetracyanoanthracene (TCA ). These molecules are similar in singlet excited state energy and lifetime [12, 13] as well as in their high fluorescence and low intersystem crossing quantum yield [14, 16] but largely differ in electron affinity [14, 17] . The sub strates chosen were toluene (1), durene (1,2,4,5-tetram ethylbenzene (2)), hexamethylbenzene (3), 1-(4) and 2-methylnaphthalene (5), i.e. two benzenes and two naphthalenes reputed of minimal reactivity with singlet oxygen in comparison with a reactive substrate, viz. hexamethylbenzene. In the first series of m easurem ents, quenching of cyanoanthracenes (CA) fluorescence by substrates 1-5 in degassed acetonitrile and benzene was determined. No sig nificant exciplex emission was observed. Linear plots for I(If/If substrate concentration were obtained in everv case, and measured Stern Volmer constants Ksv are reported in Table I . In conjunction with lit erature available singlet state lifetimes and redox potentials (see Table I ) rate constants for quenching (kq) and free energy change for electron transfer from the substrates to singlet excited sensitizers [18] can be calculated. As expected, quenching constants level to a value of 1.3-1.7 x 1010 IVP's-1 for A G values largely negative (as it is the case for D C A with donors 2-5 and TCA with 1-5), while quenching is slower for A G slightly negative (MCA with donors 3 -5) and neglible for A G positive.
Photooxygenation experim ents were carried out at 400 nm (light absorbed only by the sensitizers, 10-4 M) on acetonitrile and benzene solutions of com pounds 1-5 (10-2 M). Conversion was limited to ca. 20% and product distribution was determ ined by g.l.c. and/or h.p.l.c. Separated larger scale experiments gave similar re sults and allowed isolation of the products by column chrom atography and their characterization. The re sults (Table II) can be summarized as follows. Sen sitized irradiation in oxygen or air equilibrated acetonitrile leads in every case to the corresponding aldehyde, accompanied by minor amounts (1-5% ) of the benzyl alcohol. U nder this condition little, if any, of the benzoic acids is form ed, whereas at high- Table II (6) is again the main product, accompanied by a significant am ount of the secondary product tetramethylphthalide (7) and of pentamethylbenzylalcohol (8) . Q uantum yields vary from very low to a fair 0.28 in the D C A /durene case.
On the contrary, products 1, 2, 4 and 5 do not react (0<?1O-4) in benzene. It is surprising that in ref. [10] singlet oxygen addition to methylnaphthalenes 4 and 5 is reported, as literature evidence [1, 2 a] shows that the latter does not react in this way and the form er yields an unstable endoperoxide which reverts to the com ponents at r .t. N or do we find products hypothetically arising from further reaction of an endoperoxide, such as 2-m ethylnaphthoquinone (9) from 5. A change in the reaction course is indeed observed in the case of hexamethylbenzene. Q uantum yield is lower by an order of mag nitude and the product is 8-e/7c/ohydroperoxy-7-m ethylene-l,4,5,6,8-pentam ethyl-2,3-dioxabicyclo-[2.2.2]oct-5-ene (10), from 1,4 singlet oxygen addi tion followed by ene reaction, in accordance with the results of dye-sensitized photooxygenation [2 b ], This reaction is not observed with TCA as sensitizer.
The role of CAs in the oxidation of m ethylaromatics is thus clearly defined. We [20] , as well as others [12, [21] [22] [23] , have shown that cyano anthracenes yield singlet oxygen. Sensitization occurs via both singlet and triplet states (eqs (4, 5) ). Spontaneous inter system crossing is inefficient, and the limiting quantum yield (total quenching of the singlet by oxy gen) is 2.
The oxygenation of alkenes sensitized by CAs does involve singlet oxygen, and the yield is proportional to the fraction of C A 1* quenched by oxygen [20] .
The oxidation of methylaromatics is clearly differ ent. Thus, except than with 3, reaction is observed only in polar solvents and with substrates significant ly quenching the sensitizer singlet. The yield in oxy gen equilibrated vs air equilibrated solution does not grow, as quenching by 0 2 does (e.g. from 1.8 to 9% in the TCA sensitized oxidation of 2) but changes little, as quenching by the substrate does (in the same example, from 65 to 61%). In fact, measurements in air equilibrated solutions are nearly indistinguishable from those in oxygen saturated solutions, in contrast with the oxidation of alkenes [20] . In principle, it is possible that the process is initiated by substrate quenching of C A 1*, but this serves only to prom ote intersystemcrossing to CA triplet via radical ions re combination (eqs (6, 5) ) or that the intermediate exciplex sensitizes oxygen (eq. (7)). C A 1* + A rC H 3 (CAT + A rC H r) CA 3* + A rC H 3
(CA ---A rCH 3)* + 0 2^C A + A rC H 3 +
The latter possibility has been explicity considered in the related case of the DCA photosensitized oxy genation of 1,4-dimethylnaphthalene [24] [25] [26] . H ow ever, it is unlikely that any such possibility applies in the present case, on account both of the occurrence of the reaction only in polar solvents and of the clear cut difference in the products obtained in the case of hexam ethylbenzene, the only substrate which is oxidized both in acetonitrile (products 6-8) and ben zene (product 10). Notice that the oxidation of 3 in benzene, a singlet oxygen process, is proportional to the am ount of C A 1* quenched by oxygen and ac cordingly no reaction is observed with TCA, as in this case substrate quenching is overwhelming. R eac tion via singlet oxygen does not depend on polarity of the medium. Thus benzanthrone, a known singlet oxygen sensitizer [27] , promotes the oxygenation of 3 to 10 both in acetonitrile and in benzene with virtual ly the same efficiency (Table III) . With the CAs, the singlet oxygen process is not observed in acetonitrile because of the much higher efficiency of the charge transfer process. The electron transfer nature of the methyl arom atics oxidation is further supported by the quenching of the reaction by good donors such as 1,4-dimethoxybenzene or amines at concentration low enough not to quench appreciably C A 1*, but certainly sufficient to reduce A rC H 3: (Table IV) . It is also apparent that the reaction involves the interm ediacy of benzyl radicals. This results from the similarity of the reaction course with that observed in methylbenzenes autoxidation [28] and irradiation of charge transfer complexes with oxygen [6] as well as from the quenching by radical scavengers, such as 2,6-di-f-butylphenol (Table IV) and the actual trap ping of benzyl radicals by quinones. Thus, photosen sitization of durene in degassed acetonitrile in the presence of p-benzoquinone yields 2,4,5-trimethylbenzyl-/?-benzoquinone (11, 15%) as the only isolable product. Similar reaction of thermally created benzyl radicals are known [29] .
On the basis of these data the reaction can be as sumed to follow the scheme:
.Pi .
Sens^--Sens1* + A rC H 3-P2
(Sens---A rC H 3)* » A rC H 2 -> Products (SensT)(A rC H 3: )s where p! and p2 are the probabilities that the initial exciplex yields a solvent stabilized pair of radical ions and that the latter yields the benzyl radical. Neither quantity is influenced by oxygen dissolved (above ca. A double reciprocal plot of reaction quantum yield vs donor concentration yields a straight line, the inter cept being a measure of 1/pi p2-The ratio intercept/ slope is the same quantity kq/kd obtained from fluorescence quenching (Ksv). Fig. 1 shows the verifi cation of eq. (9) for the D CA sensitized photooxida tion of 2 . The limiting quantum yield is 0 lim = pi p2 = 0.52, and for the ratio kq/kd the value 95 M _1 is ob tained, in reasonable agreem ent with the value from fluorescence quenching (115 M " 1 in oxygen equili brated solution). The probability pi in significant only in polar medium and strongly depends on the struc ture of the donor. B etter orbitals overlap makes the donor-acceptor contribution less im portant for m ethylnaphthalenes-CAs exciplexes, so that is much lower than in the benzene series, and so is photo-oxygenation. Conversely, the same factor makes photocycloaddition (in oxygen free solution) possible in the first but not in the latter case.
U nderstanding of the following step, leading to benzyl radicals, and of the factors influencing p2 in less straightforward. A possible mechanism is quenching of radical anion CA" by oxygen and fol lowing proton transfer
A support for this view comes from the lower (by a 50 100
[ArCH3l_1 factor of 3 to 10) efficiency of TCA as sensitizer as compared to D CA . This can be rationalized on the basis of the positive A G for the electron transfer in eq. (10) in the first case [17] as opposed to the largely negative A G in the latter one. Unambiguous identification of the role of superox ide anion in the present reaction is difficult; p-benzoquinone, a known trap of superoxide [30] [31] , does quench the photooxidation, but, as m entioned above, this could as well be due to the chemical quenching of benzyl radicals. On the other hand, Saito et al. did not observe under these conditions [11] the cleavage of phenyl esters that would be ex pected in the presence of 0 2T [32] , It is thus more appropriate to think that oxygen quenches the charge transfer excited complex, rather than "free" solvatated radical anions, yielding a new radical ions pair, the same that is form ed by excitation of the ground state charge transfer complex between the arom atic molecule and oxygen.
Subsequent proton transfer according to eq. (11) is, as pointed out by O nodera et al. [8] , a facile pro cess, and thus it is likely that no appreciable concen tration of quenchable superoxide anion builds up. An alternative mechanism is proton transfer within the original radical ions pair, directly yielding benzyl radicals.
(C A T--A rC H 3-) -> C A H ' + A rC H 2
A t least a part of the process follows this pathway as benzyl radicals are form ed, and trapped, even in the absence of oxygen in the D C A sensitized reac tion of durene (see above), unless the quinone be haves exactly like oxygen (eqs (12, 11) ) and quenches the exciplex. More generally, CAs are consumed when irradiated with methyl aromatics in degassed solution, while they are completely recovered after extensive methyl aromatics photooxygenation.
The photooxidation is accelerated in the presence of halogenated compounds. The effect is apparent at low concentration of the additive, and is appropri ately refered to quenching of the exciplex competing with fast back electron transfer, rather than to a radi cal chain mechanism, as suggested in ref. [11] , as the latter would require the form ation of benzyl chloride along with benzaldehyde.
(C A T -A rC H 3-) + CCl4 -> CA + CC13 + C P + A rC H 3 • -> A rC H 2 (14) And higher concentration of carbon tetrachloride (or chloroform) the efficiency of the process decreases, as the additive interferes with the further radical course of the reaction, and no sensitized photooxi dation is observed in neat CC14 (Tables III, IV) . The effect of halogenated solvent becomes determ ining in the unsensitized reaction. Thus, photooxygena tion of 1-methylnaphthalene by direct irradiation, a reaction first reported in 1972 by Rigandy [33] , in volves excitation of the ground state complex of 4 with oxygen and is much more efficient in halo genated than in other, either polar or apolar, sol vents, as eq. (15) is the only alternative to physical decay for the excited complex.
Conclusion
From the present and previous work it is con cluded that cyanoanthracenes sensitized photooxi dation occurs according to either of the following pathways: i. Direct oxygen sensitization when the substrate is a (relatively) poor quencher of the CAs singlet excited state (eqs (4, 5) ) and a good singlet oxygen acceptor; this is the case with simple alkenes [20, 22] and hexamethylbenzene in apolar medium, ii. Electron abstraction from the substrate, when this has opposite characteristics. In the case of m ethyl benzenes and monomethylnaphthalenes electron transfer is followed by proton transfer to either C A V or 0 2", yielding a benzyl radical, which is the active species in the oxidation, iii. Indirect oxygen sensitiza tion when the substrate is both a good quencher and a good singlet oxygen acceptor. This is the case for dimethyl- [10, 24] and, predictably, polymethylnaphthalenes. Singlet oxygen is indirectly formed by sen sitization either from the exciplex (eq. (7)) or from CA triplet arising from ions recom bination (eqs (6, 5) ).
Experim ental

Materials
M CA, substrates 1-5 1,4-dimethoxybenzene, 2,6-di-f-butylphenol, and p-benzoquinone were com m er cial products. DCA and TCA were prepared and purified according to literature procedures [13] . Spectroscopic grade solvents were used as received.
Fluorescence measurements
Fluorescence intersities were m easured by means of an Aminco Bowman M PF spectrophotofluorim eter. Solutions were degassed by five freeze-degasthaw cycles at < 10-4 torr. Fluorescence quenching in the presence of substrates 1-5 gave in every case linear Stern Volmer plots.
Quantum yield measurements
Solutions were prepared in 1 cm i.d . serum cap ped tubes, and, when appropriate, flushed for 15 min with purified nitrogen or oxygen. Irradiation was accomplished at 22 °C in a merry go round in serted in an Applied Photophysics multilamp ap paratus fitted with twelve fluorescent lamps mod. 3026 (peak intensity at 410 nm, range 370-450 nm). Substrate consumption and products form ation were determ ined by g.l.c. (H ew lett-Packard instrum ent, Carbowax 20% or SP 2100 3% columns) and/or h.p.l.c. (W aters instrum ents //-Bondapack columns) in comparison with authentic samples. Light flux was measured by ferrioxalate actinom etry. A series of experiments with different irradiation times were carried out, the maximum conversion achieved being less than 20%. Within these limits conversion and products form ation are linear with time. Q uantum yield does not depend on light intersity (flux 0.5-2 x l 0 -6 Einstein cm _2m in_1). Separate experi ments in spectrophotochem ical couvettes illuminated by means of a high pressure mercury arc focalized and monochromatized at 400 nm by means of an in terference filter gave not appreciably different re sults.
